The methylenetetrahydrofolate reductase (MTHFR) gene codes a crucial enzyme which involve in folate metabolism. The effect of MTHFR gene polymorphisms on male fertility status is uncertain and controversial. We evaluated the effect of B vitamin family intake on total homocysteine content and semen parameters of men with MTHFR gene polymorphisms. MTHFR genotypes frequency and serum total homocysteine concentration were measured among 280 men with impaired spermatogenesis (asthenospermia, oligospermia, severe oligospermia and azoospermia) and 85 control participants. B vitamin family dietary intakes were assessed using a semi-quantitative food-frequency questionnaire. In addition, concentrations of vitamins B9 and B12 were evaluated in serum samples of some participants (n = 60). We observed significantly higher frequency of TC or TT genotypes in C677T polymorphism among oligospermic, severe oligospermic and azoospermic men. CC genotype of A1298C polymorphism was significantly higher only in azoospermic men. Also, we observed critical effect of vitamin B9 and B12 intake on decreasing of total homocysteine and improving of semen parameters among the men with T allele of MTHFR C677T polymorphism. Our investigation showed that sufficient consumption of vitamins B9 and B12 influences sperm parameters of men with different MTHFR polymorphisms, especially genotypes with T allele.
INTRODUCTION
It is estimated that the causes of nearly 30-40% of male infertility cannot be identified and this kind of infertility is called idiopathic (Huynh et al., 2002; Zhang et al., 2007; Jungwirth et al., 2015) . Different factors are involved in this condition. Among these, genetic factors especially Yq microdeletions and chromosomal aberrations are the main causes of impaired spermatogenesis and male infertility (Yang et al., 2006; Hammami et al., 2014) . In addition to the mentioned factors, gene polymorphisms in key genes are involved in impaired spermatogenesis.
One of the candidate genes which are involved in male infertility is methylenetetrahydrofolate reductase (MTHFR). This gene encodes a protein with an enzymatic property that is involved in folate metabolism. In this regard, MTHFR catalyzes the reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, which is the methyl donor for homocysteine in the synthesis of methionine. The activated form of methionine (S-adenosylmethionine) is the methyl donor for a variety of substrates, such as DNA, RNA, proteins, and lipids (Goyette et al., 1994 (Goyette et al., , 1998 Frosst et al., 1995) . Decreasing the enzyme activity causes DNA methylation abnormality and the outbreak of some diseases such as different types of cancers (Nuti & Krausz, 2008; Nazmul Islam et al., 2016) , neural tube defects (Bailey, 2003; Rochtus et al., 2016) , cognitive problems (Rayburn et al., 1996; Li et al., 2016) , cardiovascular diseases (Swann et al., 2005) , and male infertility (Bezold et al., 2001; Lee et al., 2006; A et al., 2007; Safarinejad et al., 2011) . In this regard, studies have shown that exogenous and endogenous factors such as diet, and the correct function of enzymes and proteins are very important in an accurate methylation process (Wong et al., 2000; De Vogel et al., 2011) . The occurrence of polymorphisms in the MTHFR gene is one of the causes of enzyme activity reduction. C677T and A1295C are two prevalent polymorphisms of this gene (Jacques et al., 1996; Rozen, 1997) . Epidemiological studies have reported associations between these polymorphisms and male infertility risk in diverse populations (Park et al., 2005; Singh et al., 2005; Lee et al., 2006) , while other studies have shown a non-significant enhanced risk (Ebisch et al., 2003; Stuppia et al., 2003; Ravel et al., 2009) .
Generally speaking, many investigations indicate that TT and CT genotypes in C677T polymorphism and double heterozygotes of CT/AC genotypes in C677T and A1295C polymorphisms are the most influential factors in sperm count, motility, and male infertility (Frosst et al., 1995; Park et al., 2005; Singh et al., 2005; Lee et al., 2006) . In addition to MTHFR enzymatic activity, which is important in folate metabolism, different studies have shown that micronutrients have an effect on these one-carbon metabolic pathways and supplying methyl groups (Friso et al., 2004; Simpson et al., 2011) . These micronutrients include vitamins B2 (riboflavin), B6 (pyridoxine), B9 (folate), B12 (cobalamin), betaine, choline, and methionine. On the other hand, frequent reports have shown that MTHFR variants interact with these micronutrients to influence the efficiency of this metabolic pathway (Candito et al., 2008; del Rio Garcia et al., 2009; Gava et al., 2011) . For example, in mothers carrying the MTHFR 677 TT genotype that also have folate deficiencies, poor mental development increases in their offspring (Gupta et al., 2011) . In this regard, two other studies have reported that different genotypes of MTHFR polymorphisms interact with methyl-donating micronutrient levels, e.g. B2, B12, and methionine, and also decrease the risk of cancer (Swann et al., 2005; A et al., 2007) . In this research, for the first time we evaluated the relationship between different genotypes of MTHFR polymorphisms with the intake of methyl-donating micronutrients among infertile Iranian men who had different stages of semen affectations.
MATERIALS AND METHODS

Samples collections
In this research we collected samples during the years 2013-2015 from the fertility and infertility center of Shariati Hospital, Tehran, Iran. In all cases, after 3 days of sexual abstinence, semen samples were collected by masturbation into sterile containers and were transferred to a laboratory immediately after ejaculation. The semen parameters evaluated an average of three ejaculations. We chose five groups of candidates for our study. Men with normal spermatogenesis as control samples had been referred to the center for their spouses' fertility problems (n = 85) ( Table 1) . The other four groups of patients were asthenospermic men with a low rate of sperm motility (<32%), oligospermic men with low spermatozoa concentration (<15 9 10 6 /mL), severe oligospermic men with sperm concentration lower than (5 9 10 6 /mL) and azoospermic men with no spermatozoa in their semen (WHO, 2010; Table 1 ). We had 70 volunteers in each mentioned group. In addition to blood samples, we obtained sperm samples from sever oligospermic men in order to study of polymorphisms frequency in their sperm samples. The study's infertile men had not been diagnosed with other criteria of infertility previously (e.g. cystic fibrosis, Klinefelter syndrome, varicocoele, chemotherapy, AZF genes micro deletions, etc); also, we excluded men with smoking and alcohol consumption. It should be noted that this study was approved by the Ethical Committee of the Faculty of Medical Sciences of Qazvin Medical Science University (Qazvin, Iran), and patients gave their informed written consent.
Polymorphisms evaluation
To analyze the polymorphisms of the MTHFR gene, 677 (C/T) and 1298 (A/C), we designed the following appropriate primers: C677T 5 0 -CAT CCC TAT TGG CAG GTT AC-3 0 as forward primer and 5 0 -GAC GGT GCG GTG AGA GTG-3 0 as reverse primer. For A1298C polymorphism, these primers were 5 0 -CTTTGG GGAGC TGAAGGACTACTA C-3 0 and 5 0 -CAC TTT GTG ACC ATT CCG GT T TG-3 0 as forward and reverse primers, respectively. For doing PCR reactions, first we isolated genomic DNA from the blood by using Dyna Bio Blood/Tissue DNA Extraction Mini Kit (Takapouzist, Tehran, Iran) and sperm cells by using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). Our PCR condition was primary denaturation at 95°C for 5 min followed by 40 cycles of denaturation at 95°C for 2 min, annealing at 60°C for 1 min, extension at 70°C for 1 min, and a final extension at 70°C for 5 min. After PCR procedure we sequenced PCR products based on the Sanger method using ABI 3730XL Capillary Sequencer (Thermo Fisher Scientific, Waltham, MA, USA). The MTHFR normal sequence was obtained from the NCBI website: http://www. ncbi.nlm.nih.gov, and then it was assembled by using CHROMAS software (version 2.4, Technelysium, South Brisbane, Australia).
Evaluation of total homocysteine in serum For evaluating total homocysteine (tHcy) in the serum, blood samples were taken from patients in the fasting condition. To prevent artificial tHcy elevation, we centrifuged blood samples immediately after collection. Serum separating tubes (SST) (gel serum tubes) were used to separate cells and serum by centrifugation within 30 min. In serum samples of patients, tHcy was measured using Enzymatic Homocysteine assay kit (Diazyme, Poway, CA, USA). Based on this kit, the normal range of tHcy in adult men serum was 5-15 (lmol/L).
Dietary intake assessment
Dietary intakes were analyzed by semi-quantitative food-frequency questionnaire (FFQ) adapted to Iranian society (Mirmiran et al., 2009) . Briefly, the questionnaire included information about 168 foods divided into 11 groups (milk products, fruits, meats, vegetables, legumes, cereals, drinks, oils, local dishes, sodas, and candies). The studied subjects reported their average intake of each food item in terms of the number of specified serving sizes consumed per day/week/month/year, or never. The reported frequency of foods consumption and portion sizes were converted to a daily intake, then, NUTRITIONIST software version IV (NUTRITIONIST IV, Version 3.5.2, N-Squared Software [NZ] Ltd., Palmerston North, New Zealand) was used to calculate daily energy and nutrient intake in grams per day.
Determination of vitamin B12 and folate in serum
Blood samples were collected from fasting individuals (since recent food intake may increase the folic acid level appreciably) (n = 60) in 5 or 10 mL evacuated glass tubes. We allowed the blood to clot at room temperature and the serum was collected by centrifugation. Vitamin B12 and folate were measured in serum samples of patients simultaneously using a vitamin B12/ folate RIA kit (IBL, Hamburg, Germany). In this kit, B12 vitamins <120 pg/mL is low, 120-160 pg/mL is intermediate, 160-970 pg/ mL is normal, and >970 pg/mL is high. Regarding the folate, the normal range is >1.5 ng/mL.
Statistical analysis
We analyzed data using the statistical software SPSS 19 (SPSS Inc., Chicago, IL, USA). The association between the different genotypes of the mentioned polymorphisms and infertility was assessed by computing the odds ratio (OR) and 95% confidence intervals (95% CI) from logistic regression analyses. We also used the Hardy-Weinberg equilibrium test for polymorphisms. In addition, Student's t-test was carried out to determine the significant differences in tHcy concentration between the studied groups with consumption of different amounts of vitamins. Also, linear correlations were tested using the Pearson coefficient of correlation with evaluations of correlation between B12, folate intake, and concentrations of them in the serum samples of patients. A p-value of <0.05 was considered as statistically significant.
RESULTS
In this research, we evaluated the prevalence of the MTHFR gene polymorphisms. These polymorphisms were rs1801133C>T and rs8069531A>C. Both of them created amino acid alterations: rs1801133C>T changed Gly into Val, rs8069531A>C substituted Ser for a Pro. The results showed that the frequency of CT and TT genotypes in C677T polymorphism did not show significant differences in asthenospermic and oligospermic patients in comparison to control samples (p = 0.4) ( Table 2 ). Nevertheless, we observed significant differences in the frequency of CT genotypes in the severe oligospermic and azoospermic men compared with the control group (p = 0.015, p = 0.013). Regarding TT genotype frequency, there was also a significant difference among oligospermic (p = 0.019), severely oligospermic (p = 0.026) and azoospermic (p = 0.026) men in comparison to controls. In A1298C polymorphism, we observed only a significant difference in CC genotype frequency among the azoospermic men vs. normal ones (p = 0.026). The CT genotype frequency did not show significant difference among the other studied groups (p > 0.05) ( Table 2 ). In the allele frequency study, T allele frequency in C677T polymorphism was significantly higher in oligospermic (p = 0.04), severely oligospermic (p = 0.036), and azoospermic (p = 0.036) men in comparison to controls. In A1298C polymorphism, the C allele frequency had no significant differences among the studied groups (p = 0.4) ( Table 2) .
In another part of this investigation, we evaluated the distribution of combined genotypes of the MTHFR C677T/A1298C polymorphisms among the studied groups. In this regard, we used 677CC/1298AA as the reference genotype. Data analysis results showed that among the different combinations of genotypes, CT/AC (p = 0.02) and TT/AC (p = 0.01) were significantly associated with infertility. Although the frequency of CT/CC genotype was high in the infertile group, there was no significant difference when compared with the control group. We also observed no TT/CC combined genotypes among the studied groups (Table 3) .
As heterozygote and homozygote genotypes of the C677T polymorphism were significantly higher in severely oligospermic and azoospermic men, we evaluated the frequency of different genotypes of this polymorphism in sperm samples of severely oligospermic men (because obtaining sperm samples from these patients is easier than obtaining testis tissue from azoospermic Table 4 ). The quantity of tHcy was then evaluated in serum samples of the studied groups with different genotypes of MTHFR polymorphisms. In samples with TT (p = 0.000) and CT (p = 0.00) genotypes for C677T polymorphism, the tHcy level was significantly higher compared with the CC genotype. Moreover, regarding A1298C different genotypes, the quantity of tHcy was significantly higher in AC (p = 0.000) and CC (p = 0.00) genotypes in comparison to the AA genotype. Among the combined genotypes, we observed a high level of tHcy in men with CT/AC (p = 0.00), CT/CC (p = 0.00) and TT/AC (p = 0.000) genotypes in comparison to the CC/AA genotype. In all of the studied genotypes there was no significant difference in the tHcy level between the infertile and control group men with the same genotype (p > 0.05) ( Table 5) .
We also assessed the influence of the vitamin B family intake on tHcy levels in serum samples of the studied groups with different genotypes of MTHFR polymorphisms. In this regard, we divided our samples in to two groups for each vitamin intake for the individuals whose vitamin intake was higher than, or equal to, and lower than the cut-off. We obtained a desirable range of vitamin intake from Dietary Guidelines (Dietary Guideline, 2015 -2020 .
Our results showed that vitamin B2 and B6 intake did not have a significant effect on the tHcy levels of men with MTHFR polymorphism. However, it was observed that vitamin B9 and B12 intake had an impressive effect on the tHcy levels of individuals with different genotypes of MTHFR polymorphisms.
As seen in Table 6 about the C677T polymorphism, in men with CC, CT, and TT genotypes who had consumed daily vitamins B12 and B9 ≥ 2.4 lg and ≥0.4 mg, respectively, the amount of tHcy was significantly reduced in comparison to men who had a daily intake of vitamins B12 and B9 < 2.4 lg and <0.4 mg (p < 0.05). We observed the same effect in A1298C polymorphism; in patients with different genotypes of this polymorphism (AA, AC, and CC) who had consumed vitamins B12 and B9 daily higher than the cut-off, the amount of tHcy was significantly reduced in comparison to men who had a daily intake of vitamins B12 and B9 lower than the cut-off (p < 0.05). Also, in men who had the TT/CC genotype and had consumed vitamins B12 and B9 higher than the cut-off, tHcy levels were reduced significantly (p < 0.05).
The evaluation of the effect of daily vitamins B2 and B6 intake on the tHcy levels of men with different genotypes of C677T and A1298C polymorphisms showed no significant difference in tHcy concentrations in men with daily vitamins B2 and B6 intake higher than the cut-off in comparison to the amounts, lower than the cut-off (p > 0.05).
To investigate the effect of daily vitamin B12 and B9 intake on sperm parameters, we evaluated sperm concentration, motility, and morphology between men with higher and lower than the cut-off for daily vitamins B12 and B9 intake. Our results showed that a daily vitamins B12 and B9 intake higher than the cut-off had a significant effect on the optimization of sperm concentration and motility (p < 0.05) ( Table 7) .
In this research, we observed a significant effect of B12 and B9 vitamin intake (by using of FFQ semi-quantitative questioner) on tHcy and sperm parameters of samples with different types of MTHFR polymorphisms. To confirm our results, we evaluated B12 and folate concentrations in serum samples of some patients (n = 60). In this regard, our data showed the average of daily B12 vitamin intake was 6.75 AE 0.98 lg/day and its concentration in serum was 552.5 AE 23.2 pg/mL. In regard to folate, these values were 6.75 AE 1.1 mg/day and 4.9 AE 1.2 ng/mL. B12 and folate concentrations in serum revealed a positive linear correlation (R = 0.85, p = 0.008) and (R = 0.78, p = 0.003) with B12 and folate content which was evaluated by FFQ semi-quantitative questionnaire ( Figure S1a,b) .
DISCUSSION
The results of the MTHFR polymorphisms assay among infertile Iranian men showed that C677T and some of the combined genotypes of C677T and A1298C polymorphisms, which have the T allele, had the greatest impact on male infertility. Different studies among Asian populations have shown the association between T allele and different types of male infertility (Park et al., 2005; Singh et al., 2005; Lee et al., 2006) . Other studies among European populations, except two studies (Bezold et al., 2001; Paracchini et al., 2006) which showed an association between T allele in C677T polymorphism and male infertility, did not find any association between male infertility and MTHFR SNPs (Ebisch et al., 2003; Stuppia et al., 2003; Ravel et al., 2009) .
In Indian populations this association was also seen among infertile men (Gupta et al., 2011) . There are some controversial results among infertile Iranian men. In a study, Momenzadeh (2016) showed no significant association between C677T and A1298C polymorphisms in the MTHFR gene with male infertility, but there was a significant association of double heterozygocity in both polymorphisms and male infertility. In another study, Safarinejad et al. (2011) indicated that among the three (C677T, A1298C and G1793A) MTHFR polymorphisms C677T variant was associated with an increased risk of idiopathic male infertility.
In the line with the two mentioned studies, our results showed significant association of C677T polymorphism with severe oligospermia and azoospermia, but A1298C polymorphism was associated with azoospermia only. In addition, we observed the association of T allele with male infertility in combined genotypes. An important point in our study was that we assessed C677T polymorphism in sperm and blood DNA of severe oligospermic men. We observed that among the infertile men who had heterozygote genotype in their blood samples (CT), 6.7% had the TT genotype in their sperm samples.
In various studies, incompatibility in mutation screening results between blood and sperm samples are described. For example, high frequency of Yq microdeletions in sperm samples in comparison to the blood DNA of infertile men was reported by Dada et al. (2007) . In another study, Khazamipour et al. (2009) , indicated that MTHFR promoter methylation occurs in testis tissues of azoospermic men only; they showed no methylation in their blood samples. Najafipour et al. (2016) showed non-concurrence in the frequency of the TT genotype in YBX2 G/T (rs222859) polymorphism between blood and sperm samples. Generally, MTHFR catalyzes the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate. 5-Methyltetrahydrofolate (vitamin B9) is used to convert homocysteine (a potentially toxic amino acid) to methionine by the enzyme methionine synthase (F€ odinger et al., 2000) .
The vitamin B family is involved in folate metabolism in different ways (Trimmer, 2013) . One of the important consequences of MTHFR pathogenic polymorphisms is the increasing of tHcy and the decreasing of folate in serum and plasma. In this regard, previous studies have shown that increasing the amount of homocysteine can cause oxidative stress and germ line DNA damage (Sibani et al., 2000) . In this research, we assessed tHcy concentration among men with different types of MTHFR gene polymorphisms. In the line with Safarinejad et al.'s (2011) study, we observed a significantly high level of tHcy in serum samples of men with some genotypes (CT, TT, AC, CC, CT/AC, CT/CC, TT/AC) in comparison to wild-type genotypes, but we did not observe a significant difference in tHcy levels between infertile and control group men with the same genotype. The question that arises here is: How does the MTHFR C677T mutation influence fertility? Since the vitamin B family is involved in folate metabolism, daily intake of the vitamin B family is important for tHcy levels (Simpson et al., 2011) .
An important section of our investigation was the detection of the effect of daily vitamin B family intake on tHcy levels and semen parameters in men with different types of MTHFR genotypes. As seen in Table 6 , B9 and B12 vitamin intake higher or equal to the cut-off range had a significant effect on decreasing Table 6 Comparison of Homocysteine level in studied serum samples with intake of different types of B vitamins < or ≥ cut-off the tHcy level of men with diverse types of MTHFR genotypes. In these individuals, the average of sperm concentration and motility was higher in comparison to men with low levels of vitamins B9 and B12 consumption. On average, 45% of our control men had T allele and different genotypes which are related to infertility. Nevertheless, the interesting point was that in the top of 70% of these individuals, their daily B9 and B12 vitamins intake was higher than the cut-off, also these vitamin concentrations in their serum samples was in the normal range and the presence of the T allele had failed to have an impact on the sperm parameters of these individuals. In this regard, Merrill et al., showed that deficiencies in dietary B6 vitamin increases DNA hypomethylation in carriers of low activity genetic variants of MTHFR more than in carriers of the wild type of MTHFR variants (Simpson et al., 2011) . In other studies it was shown that among carriers of the MTHFR 677 TT genotype, those with a deficiency of the vitamin B family had a higher risk of some cancers such as lung and colon (Shi et al., 2005) , poor pregnancy outcomes (Simpson et al., 2011) , and higher levels of plasma homocysteine (Holm et al., 2007; Hustad et al., 2007) . As far as we know, our investigation was the first study to examine the relationship between micronutrient intake, MTHFR status, and male infertility.
CONCLUSION
In this study, we assessed the effect of two MTHFR polymorphisms on male infertility and serum total homocysteine levels. We also assessed the effect of vitamin B family intake on sperm parameters and total homocysteine concentrations among the Iranian population. Our findings suggested that the T allele of MTHFR C677T is accompanied by the highest susceptibility to infertility and increased serum total homocysteine levels. Also, for the first time we showed that daily consumption of vitamins B9 and B12 had a critical effect on sperm parameters and the fertility of men with different genotypes of MTHFR polymorphisms, especially genotypes with T allele.
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